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Abstract. We present recent results on light mesons based titz[psot analyses of charmetays

from Fermilab experiment E791. Scalar mesons are found to have large contributionseodie d
studiedD* — Kttt andD*, DY — it tt. From theKrutfinal state, we find good evidence

for the existence of the light and bromaneson and we measure its mass and width. We also discuss
recentlypublished results on therXinal states, especially the measurement of fhparameters

and the evidence for the meson fromD* — omt. These results demonstrate the importance of
charm decays as a new environment for the study of light mphgsics.

INTRODUCTION

The decays of charm mesons are currently a new source of information for the study of
light meson spectroscopy, with the advantages of having well defined initial state (the
D meson, a 0 state with defined mass). This new information is complementary to that
from scattering experiments and can be particularly relevant to the understanding of the
scalar sector.

Here we present preliminary results for the Dalitz-plot analysis of the Cabibbo-
favored decayD™ — K~mr it using data from Fermilab E791 experiment. We also
present an overview of our results f¢ — ottt [1] and DT — ottt [2]
Dalitz-plot analyses. The E791 data was collected in 1991/92 from 500 GeW/c
nucleon interactions. For details seg [3].

For theD™ — K~ 1t™ analysis, when we include all knowKirt resonant channels
plus a non-resonant (NR) contribution, we find that the NR decay is dominant. This is
unusual inD decays. Moreover, the fit model has important discrepancies with respect
to the data. By including an extra scalar resonant state, with unconstrained mass and
width, we obtain a fit which is substantially superior to that without this state. The
values for its mass and width are found to be 29+ 42 MeV/c® and 410+ 43+ 85
MeV/c? respectively. We refer to this state as heThe existence of such a state has
been greatly discussed in the literature in recent yearsi[4]-[14]. We also obtain new
measurements for the mass and the width ofKje1430) resonance: 1458 7+ 6
MeV/c? and 175+ 12+ 12 MeV/c respectively.

From our analysis ddd — ittt decays, we find that the dominant decay fraction

1 For the E791 Collaboration.



comes fromfo(980)Tth. We obtain new measurements for thg980) and fo(1370)
masses and widths. Frdi — 1ottt decays, we find that a model with only known

Tt resonances plus a NR channel is not able to describe the data adequately. We find
strong evidence for the presence of a light and broad scalar resonancé€5@@g the

omt™ channel being responsible for half of the decay rate. We measure the mass and
the width of this scalar meson to be 428+ 17 MeVic? and 32435+ 21 MeV/c?,
respectively.

THE D™ — K~1t"t" DALITZ-PLOT ANALYSIS

From the original 2« 10° events collected by E791, and after reconstruction and selec-
tion criteria, we obtained thB*™ — K~ 1" tt sample shown in Figure 1(a). The filled
area represents the level of background; besides the combinatorial, the other main source
of background comes from the reflection of the debgy— K~K*mt™ (throughK*K+
and@rt™). The crosshatched region contains the events selected for the Dalitz-plot ana-
lysis. There are 15090 events in this sample, of which 6% are background.

Figure1(b) shows the Dalitz-plot for these events. The two axes are the squared
invariant-mass combinations fétrt, and the plot is symmetrized with respect to the
two identical pions. The plot presents a rich structure, where we can observe the clear
bands fronK*(890)1t", and an accumulation of events at the upper edge of the diagonal,
due to heavier resonances. To study the resonant substructure, we perform an unbinned
maximun-likelihood fit to the data, with probability distribution funtions (PDF’s) for
both signal and background sources. In particular, for each candidate event, the signal
PDF is written as the square of the total physical amplitAd@lefined below) and it
is weighted for the acceptance across the Dalitz plot (obtained by Monte Carlo (MC))
and by the level of signal to background for each event, as given by the line shape of
Figurer1(a). The background PDF’s (levels and shapes) are fixed for the Dalitz-plot fit,
according to MC and data studies.

We begin describing our first approach to fit the data, which represents the conven-
tional Dalitz-plot analysis including the know&rtresonant amplitudeé\g, n> 1), plus
a constant non-resonant contribution. The signal amplitude is constructed as a coherent
sum of the various sub-channels:

. N .
A = ape®Ag+ Z an€® An(mé,, mis) (1)
n=1

Each resonant amplitude is written as
An= BW RV R MY )

whereBW, is the relativistic Breit-Wigner propagator

1
mg — m2 — imgl™ (m)

BWh = 3)
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FIGURE 1. (a) TheK~m"mt invariant mass spectrum. The filled area is background; (b) Dalitz plot
corresponding to the events in the dashed area of (a).

with mass dependent width,

( R (p)
R (p5)

The quantitiedp andFr are the Blatt-Weisskopf damping factors respectively for the
D and theKrtresonances, they depend on the radii of the decaying meson and are set to
rp = 3.0 GeV'l andrg = 1.5 GeV! [18]; p* is the pion momentum in the resonance

rest frame at magsy2 (py = p*(Mo)). M,\? describes the angular distribution due to the
spinJ of the resonance. See detailsin [2]. Finally each amplitude is Bose symmetrized
An=An[(12)3] 4+ An[(13)2].

Using this model (Model A), we find contributions from the following channels:
the non-resonant, responsible for more than 90% of the decay rate, followed by
K§(1430TtH, K*(892)mth, K*(1680 " andK3(1430 ™. The decay fractions and rela-
tive phases are shown in Tabile 1. These values are in accordance with previous results
from E691 [15] and E687:[16]. We thus confirm a high non-resonant contribution
according to this model, which is totally unusual indecays. Besides, there is an
important destructive interference pattern, since all fractions add up to 140 %.

To evaluate the fit quality of Model A, we compute a two-dimensioggfain the
Dalitz plot, from the difference in densities for the model (from a fast-MC algorithm)
and the data. We obtaig?/v = 2.7 (v being the number of degrees of freedom),
with a corresponding confidence level (CL) of £6. In Figure2(a) we show th&Tt
low and high squared-mass projections for data (error bars) and model (solid line).
The discrepancies are evident at the very low-mass regiomfOK) o, and near

o

M(m) = Oﬁ

p_*> 2J+1 (4)

Po



TABLE 1. Results withouk (Model A) and withk (Model B). Preliminary.
Decay Model A: Nok Model B: Withk
Mode Fraction (%) Phase Fraction (%) Phase
NR 909+26 0O (fixed) | 13.0+5.8+2.6 (349+14+8)°
_ kit - - 47.8+121+37 (187+8417)°
K*(892) 1t 138+05 (54+2) 123+1.0+09 0 (fixed)
K$(1430mt | 306+16 (54+2)° | 125+14+04  (48+7+10)°
K3(1430 Tt 04+0.1 (33+8)° | 05+0.1+02 (306+8+6)°
K*(1680 1+ 3.2+0.3 (66+3) 25+0.7+0.2 (28+13+15)°

2.5 (GeV/&)? for m?(Kmnigh. These regions of disagreement are the same observed
previously by E687:[16]. We thus conclude that a model with the knigwnesonances,
plus a non-resonant amplitude, is not able to describdthes K~ it Dalitz plot
satisfactorily.

A similar pattern — bad fit quality with large NR fraction — is found in the analysis of
the decayp™ — 1 1" tt when allowing only the establishedtresonances 2] . There
we find that the inclusion of an extra scalar resonance improves the fit substantially,
giving strong evidence for the(500). See the section dd™ — 1 1t" 1t below. Thus,
we are lead to try an extra scalar resonance in our fit model here. The possible existence
of a light and broadt scalar state has been suggested by many autharsi[4,:5, 6, 7, 8],
some of them believing it would be a member of a light scalar nehet[9, 10, 11]; however,
its existence has been the subject of some controversy dlso[12, 13, 14].

A second fit model, Model B, is constructed by the inclusion of an extra scalar
state, with unconstrained mass and width. For consistency, the mass and width of the
other scalar state, th€;(1430, are also free parameters of the fit. We adopt a better
description for these scalar states by introducing gaussian-type form-factors [12] to take
into account the finite size of the decaying mesons. Two extra floating parameters are
the meson radiip andrg introduced above.

Using this model, we obtain the values of 7919+ 42 MeV/c for the mass and
410+ 43+ 85 MeV/c for the width of the new scalar state (first error statistical, second
error systematic), referred to here askh&he values of mass and width obtained for the
K$(1430) are respectively 1459 74 6 MeV/c? and 175+ 12+ 12 MeV/c, appearing
heavier and narrower than presented by the PDG [17]. The decay fractions and relative
phases for Model B, with systematic errors, are given in Tgble 1. Compared to the results
of Model A (withoutk), the non-resonant mode drops from over 90% to 13%.Kitie
state is now the dominant channel with about 50%. The mesornrradiidrg are found
to be respectively 8+ 0.5 GeV! and 16+ 1.3 GeV 1, in complete agreement with
previous estimates [18,:19].

Moreover, the fit quality of Model B is substantially superior to that of Model A. The
X?/v is now 0.73 with a CL of 95%. The very good agreement between the model and
the data can be seen in the projections of Figure 2(b).

A number of studies were done to check these results. For example, we replaced the
complexk Breit-Wigner by a real Breit-Wigner, with no phase variation. In this case,
we got similar mass and width for this extra state, but with unphysical fractions for
this state and the NR, and a worse fit quality. We also replacexl bByea hypothetical
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FIGURE 2. m?(KTiow) andm?(KTiign) projections for data (error bars) and fast MC (solid line): (a) fit
to Model A, withoutk, and (b) fit to Model B, withk.

vector state, with unconstrained mass and width, but it appears with a small fraction,
the fit quality being comparable to the model without it, and all fractions and phases
remaining unchanged. A tensor model was also tried without convergence, the width
being driven to large, negative values. Other models withktlveere also tried. For
example, modifications to the scalar Breit-Wigner amplitude and to the form-factors
were introduced. A number of studies for the parameterization of the NR amplitude
were tried [22], with and without thie. No model without the& was able to describe our
data satisfactorily. All variations of models withgave similar results for the mass
and width (within errors) although the fractions farand NR showed correlations.

Thus, from the results above, we find strong evidence that a light and broadismalar
resonance gives an important contribution tofie— K1t t™ decay.

THE Df — 1t RESULTS

In Figure:8 we show ther 1ttt invariant mass distribution for the sample collected
by E791 after reconstruction and selection criterja [1, 2]. Besides combinatorial back-
ground, reflections from the decafst — K-rttmtt , DY — K1+ (plus one extra



Events/5 MeV/c?

sy
o
o

400
300
200
100

To—— |
1.9 1.95 2 2.05

M(n™ m* %) Gev/c?
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FIGURE 4. (a) TheDZ — 1ttt Dalitz plot and (b) thé@* — "t Dalitz plot. Since there are
two identical pions, the plots are symmetrized.

track) andDy — n't™, n’ — p%(770)y are all taken into account. The hatched re-
gions in Figure 3 show the samples used for the Dalitz-plot analyses. There are 1686
and 937 candidate events for andD{ respectively, with a signal to background ratio

of about 2:1. The Dalitz plots for these events are shown in Figure 4, the axes corre-
sponding to the twar 1t invariant-masses squared. For the Dalitz-plot fits of both
Dt — mmtt™ andDd — -ttt decays, we use essentially the same formalism as
for theDT — K~1t* it decays. See details ifi [, 2].



TABLE 2. Dalitz fit results forDF — mmtr et .

| Decay Mode| Fraction (%) Phase |
fo(980)TT" | 5654+4.3+4.7 0 (fixed)
NR 05+14+17 (181+ 94+ 51)°

p2(770 " | 58423437  (109+2445)°
fo(1270mt | 19.74+3.340.6 (133+13428)°
fo(1370m" | 324477419 (198+19427)°
p%(1450T" | 44421402 (162426417)°

For theD — ™ events in Figure:4(a), the signal amplitude includes the
following channelsp?(770)1tt, fo(980)TTT, f2(1270 1T, fo(1370TTH, p°(1450 11" and
the non-resonant, assumed constant across the Dalitz plot.

For the fo(980)Tt" amplitude, instead of a simple Breit-Wigner of Ep&,3ve use a
coupled-channel Breit-Wigner function [23],

1
BW — B 9
o(980) M2 — M3+ imo(Mr+ k)

rn:gn\/n%T/4_n‘%v rK:g?K<\/n%1/4_mﬁ++\/n%T/4_mﬁo>- (6)

TheD¢ — ottt Dalitz plot is fit to obtain not only the decay fractions and phases of
the possible sub-channels, but also the parameters dtB80) state,gr, gk, andmy,

as well as the mass and width of thg1370. The other resonance masses and widths
are taken from the PDG[117]. The resulting fractions and phases are given in Table 2.

The measuredy(980) parameters argy = 9774+ 3+ 2 MeV/&, gr = 0.094 0.01
+ 0.01 andgk = 0.02+ 0.04+ 0.03. Our value fogy is in very good agreement with
OPAL and MARKII results [24], but WA76:[23] found a much larger valga,= 0.28
+ 0.04. Our value ofik indicates a small coupling db(980) to KK. The values of the
fo(980) mass and afin, as well as the magnitudes and phases of the resonant amplitudes,
are relatively insensitive to the value gt. Both OPAL and MARKII results are also
insensitive to the value k. WA76, on the contrary, measurgd = 0.56+ 0.18.

By fitting the Dalitz plot using for thefp(980) a simple Breit-Wigner function, we
find mp = 975+ 3 MeV/c? andlg = 44+ 2+ 2 MeV/c?, and the results for fractions and
phases are indistinguishable.

The confidence level of the fit f@d — T Ttt tt is 35% [1]. In Figure 5 we show the
T " mass-squared projections for data (points) and model (solid lines, from fast-MC).

As we can see by the results of TaBle 2, approximately half dbthes 1t Tttt rate
is via fo(980)Tt" . If the spectator amplitude is dominant in this decay, this would support
the interpretation of théy(980) as anss state. On the other hand, the large contribution
from fp(1370 " indicates the presence of eithatannihilation amplitudes or strong
rescattering in the final state. In fact, tlig(1370 1" is not observed in th® —

(5)

2 For bothD, Ds — 31t analyse§, the relativistic Breit-Wigner for each resonantldunge is defined with
a factor (-1) with respect to Eg. 3.
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hashed area corresponds to background.

KTK~mtt final state[25], pointing to thep(1370 being a norss state, as suggested
by the naive quark model[17]. There is no evidence inEijedecay for a low-mass
broad scalar particle as seen in e — T 1ttt decay, discussed below.

THE D™ — ™ DECAY

In a first approach, we try to fit thB™ — "t  Dalitz plot of Figure:4(b) with

the same amplitudes used for thg — 1t Tttt analysis. Using this model, the non-
resonant, the%(1450tt, and thep®(770)t™ amplitudes are found to dominate, as
shown in Table 3, and in agreement with previous reported analyses [26, 27]. However,
this model does not describe the data satisfactorily, especially atiow mass squared,

as can be seen from Fig. 6(a). Tke/v obtained from the binned Dalitz plot for this
model is 1.6, with a CL less than 12

To investigate the possibility that another T resonance contributes to the™ —
T decay, we add an extra scalar resonance amplitude to the signal PDF, with
mass and width as floating parameters in the fit.

We find that this model improves our fit substantially. The mass and the width of
the extra scalar state are found to be #8+ 17 MeV/c? and 32432+ 21 MeV/c?,
respectively. Refering to this state as thewe obtain that thesttt chanell produces
the largest decay fraction, as shown in Table 3; the non-resonant amplitude, which is
dominant in the model withowttt™, drops substantially. This model describes the data
much better, as can be seen by tiremass squared projection in Fig. 6(b). TXv is
now 0.9, with a corresponding confidence level of 91%.

The existence of a lightut state, or theo, has been the subject of a long-standing
controversy 28, 29]. Various experiments have presented inconsistent evidence for this
state [30], yielding conflicting results [17,:29].



TABLE 3. Dalitz fit results forD™ — rmtrit™ . First errors are statistical, second
systematics (only for fit witlort mode).

Decay Fit withoutortt Fit with ot
Mode Fraction (%) Phase Fraction (%) Phase
ottt - 46.3+9.0+21 (206+8+5)°

p(770tt | 208424 O (fixed) | 33.6+£3.2+22 O (fixed)
NR 386+9.7 (150+12)° | 7.8+£6.0+2.7  (57+£2046)°
fo(980) 1T 74+14  (152+16)° | 6.2+1.3+04  (165+11+3)°
fo(1270 | 6.3+1.9  (103+16)° | 194425404  (574+843)°
fo(1370m" | 107431 (143+10)° | 23+15+08 (105+18+1)°
p%(1450m" | 226+3.7  (46+15° | 0.7+£0.7+0.3 (319+39+11)°
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FIGURE 6. s12 andsis (M) projections forD* — rmtf it data (dots) and our best fit (solid) for
models (a) without and (b) witlbrtt amplitude. The dashed distribution corresponds to the expected
background level.

To test the model above, we replace the scalar amplitude by vector and tensor states,
and also by a real Breit-Wigner, with no phase variation (as also done ibthe
K=1t"itt analysis). All these alternative models fail to describe the data as well as the
scalar (regular) Breit-Wigner amplitude. See detailed discussign in [2].

CONCLUSION

From the data of the Fermilab E791 experiment, we studied the Dalitz plots of the decays
DT - K mtmtt, D — it andD* — 1ottt In these three final states, the
scalar intermediate resonances were found to give the main contribution to the decay
rates. We obtained strong evidence for the existence obthedk scalar mesons,
measuring their masses and widths. We also obtained new measurements for masses
and widths of the other scalars studidgl,980), fo(1430 andKg(1430).

The results presented here show the potentiBl mfeson decays for the study of light
meson espectroscopy, in particular in the scalar sector.
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